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ABSTRACT 
In recent years, herpetological researchers have noticed a trend toward global 
amphibian population decline and increased deformities. Analysis of decline data 
indicates that amphibian populations have been declining since the late 1950s and 
continue to do so today. Much of the recent research into the cause of ampluoian 
declines and deformities has placed emphasis on pesticides, including copper sulfate 
(CuSO4) and atrazine (2-chloro-4-ethlyamine-6-isopropylamino-S-triazine), which 
are among the most commonly used pesticides in the United States. Copper sulfate is 
a highly toxic General Use Pesticide that is used as a fungicide, algicide, and 
herbicide on many crops. Atrazine is a Restricted Use Pesticide used to control 
weeds in many croplands and fallow lands. The objective of this study was to 
determine the developmental toxicity of the pesticides atrazine and copper sulfate 
using the Frog Embryo Teratogenesis Assay - Xenopus (FET AX). Endpoints 
determined in this study include mortality (96-hour LC50), malformation (96-hour 
EC50), Teratogenic Index (TI), and Minimum Concentration that Inhibits Growth 
(MCIG). Results from three atrazine tests were consistent. Ninety-six-hour LC50s 
ranged from 213 to 286 mg/L, while 96-hour EC50s ranged from 5.6 to 17.3 mg/L. 
Teratogenic Indices ranged from 14.7 to 49.7, much higher than the 1.5 threshold for 
teratogenicity. In concentrations that were affected significantly by the presence of 
atrazine, mortality occurred only at very high concentrations (>400 rng/L ), and 
generally after more than 48 hours of exposure; most deformities occurred within 48 
hours of exposure. A consistent pattern of deformity occurrence with increasing 
atrazine concentration at 96 hours was noted. Cardiac edema appeared at low 
concentrations, followed by tail flexure, incomplete gut coiling; enlarged heart, 
abdominal edema, optic edema, and reduced or severely malformed eyes. Results 
from three copper sulfute tests showed a great deal of variability between egg masses. 
Ninety-six-hour LC50s ranged from 600 to 3,980 µg/L, while 96-hour EC50s ranged 
from 159 to 437 µg/L. Copper sulfate Tis ranged from 1.6 to 9.4. In concentrations 
that were affected significantly by the presence of copper sulfate, most mortality 
occurred after 24 hours of exposure, while most deformities occurred within 72 hours 
of exposure. Incomplete gut coiling appeared at low concentrations, followed by 
ruffled or missing ventral fin, enlarged or beaklike mouth, tail flexure, cardiac edema, 
and abdominal edema. In both atrazine and copper sulfute tests, MCI Gs were much 
less than 30 percent of96-hour LC50s, which is another indication ofa high degree of 
teratogenicity. Copper sulfate MCIGs ranged from 75 to 156 µg/L, while atrazine 
MCIGs ranged from 1.56 to 7.8 mg/L. All test results indicate that both copper 
sulfate and atrazine are highly teratogenic, but only at concentrations much higher 
than those commonly found in natural waters. 
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INTRODUCTION 
In recent years, herpetological researchers have noticed a trend toward global 
amphibian decline, with extinctions of entire populations in some areas. This issue 
was first discussed at the First World Congress ofHerpetology in 1989, where 
herpetologists concluded that the situation was a potential environmental crisis and 
established the Declining Amphibian Populations Task Force (DAPTF) [l]. Further 
discussion occurred in 1990 at a workshop sponsored by the National Research 
Council, where scientists from around the world presented data on amphibian 
population trends. They concluded that the number and widespread distribution of 
declining populations made it unlikely that the declines were caused by natural 
population fluctuations, and that the declines may have started in the 1970s [2-4]. 
Although the workshop caused a great deal of debate about the possible irregularity 
of declines and the suitability of amphibians as bioindicators [2,3,5], the phenomenon 
of global amphibian decline is now generally accepted. Recently, an attempt to 
quantify events on a worldwide scale was made. Scientists from several countries 
collaborated on an analysis of global amphibian population trends using 936 
population data sets from journal publications, technical reports, and unpublished 
research. Their results indicate that amphibian populations have declined since the 
late 1950s and continue to do so, although there is significant geographic and 
temporal variability [ 6]. 
A phenomenon that has come to attention more recently is adult amphibian 
deformity. A group of schoolchildren discovered a high incidence of malformed 
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frogs in a farm pond in southern Minnesota in 1995 and started a web site, bringing 
the issue to public awareness [7]. Field observations of deformities have increased 
since then, along with efforts to understand the causes and the effect deformity has on 
the decline of amphibian populations. Deformity in adult amphibians has been 
reported in more than half of the United States, and in Canada, Peru, England, 
Germany, Japan, India, and Australia, and includes 33 species. Adult malformations 
found in the wild include missing or extra limbs, missing or deformed eyes, and 
twisted jaws. Research indicates that these deformities can be caused by predators or 
cannibals, parasites [8,9], UV-B radiation [10], and various toxins [11]. 
Although amphibian deformity does not explain the global disappearance of 
species, it may contribute to population decline on a local scale. Abnormalities can 
result in high mortality rates, which can be particularly detrimental to populations that 
are already declining, especially in species that are threatened or endangered. Habitat 
loss and fragmentation is almost certainly the major cause of decline [12], but other 
causes include climate change [13,14], the introduction of predatory and competitive 
species [15], increased UV-B radiation [16,17], acidification [18,19], pollutants [20], 
disease [21,22], parasites [23], and unsustainable harvest and trade [24]. However, it 
is unlikely that any single factor is the cause throughout the world [25]. 
Several national and international agencies have formed to investigate 
amphibian decline and deformity, including DAPTF, Partners in Amphibian and 
Reptile Conservation (PARC), the Federal Taskforce on Amphibian Declines and 
Deformities (TADD), the Amphibian Conservation Alliance (ACA), the North 
American Amphibian Monitoring Program (NAAMP), and the North American 
Reporting Center for Amphibian Malformations (NARCAM). These agencies, and 
others, coordinate the efforts of federal agencies, scientists, industry, hobbyists, and 
the public to catalogue malformations and to determine causes for decline and 
deformity. 
A great deal of adult and embryo toxicity research has focused on pesticides, 
including atrazine and copper sulfate, as possible causes [26]. Amphibians may be 
particularly sensitive to pesticides and other contaminants because they have 
permeable, exposed skin and eggs. Many amphibians live at least part of their life 
cycles in ponds, streams, and temporary wetlands adjacent to agricultural fields where 
one or more herbicides or insecticides are used every year. These pesticides are 
usually applied in spring and early summer, coincident with amphibian breeding and 
larval development [27]. Amphibian larvae are primary consumers that feed on 
periphyton and phytoplankton, but adults are higher-level consumers, feeding on 
insects and other invertebrates. This participation in several trophic levels increases 
the chance that they will be exposed to the risk ofbiomagnification of contaminants 
that persist in the environment [28]. 
The most common adult deformities are those involving extra or missing 
limbs. These deformities occur at metamorphosis - weeks, months, or even years 
after hatching. The Frog Embryo Teratogenesis Assay-Xenopus (FETAX) allows 
determination of the toxicity and teratogenicity of chemicals as soon as three days 
after hatching. FETAX is a 96-hour whole embryo assay that can be used to 
3 
4 
detennine the teratogenicity ofa test material [29]. It was developed in 1979, and 
uses embryos ofXenopus laevis, the African clawed frog, a commonly used 
laboratory amphibian. FET AX is an established protocol that has been validated with 
over 242 chemicals with a predictive accuracy of more than 83% for tests where rat 
or mouse data were available [30]. FETAX has been used to detennine the 
teratogenicity of single compounds [31,32] or their joint action [33], and to detennine 
the effects of exposure to natural waters [34,35] and soils [34-36] in areas where a 
high incidence of deformity has been noted. FET AX designates three criteria for 
teratogenicity: the severity of deformity at 96 hours (EC50), the extent to which the 
Teratogenic Index (TI = LC50/EC50) exceeds 1.5, and a Minimum Concentration 
that Inhibits Growth (MCIG) that is less than 30% of the 96-hour LC50 [30]. The 
LC50 and EC50 values are calculated separately for each test. The LC50 is the 
concentration that is lethal to 50 percent of exposed organisms, and the EC50 is the 
concentration that has some specific sublethal effect ( e.g., deformity) on 50 percent of 
exposed organisms. 
One pesticide that has recently become the focus of a great deal of attention is 
atrazine (2-chloro-4-ethylamine-6-isopropylamino-S-triazine) (Figure I). Atrazine is 
a triazine herbicide used to selectively control broadleaf and grassy weeds in corn, 
sorghum, sugarcane, and other crops, and also in conifer restoration plantings. It is 
used as a non-selective herbicide on non-cropped industrial lands and on fullow lands. 
Atrazine is a Restricted Use Pesticide (RUP) with a relatively long half-life (60-
100+ days) and a high leachability risk. In 1994-1995, over 64 million lbs ofatrazine 
Cl 
N N 
NH N NH 
Figure 1. Chemical structure of atrazine (2-chloro-4-ethylamine-
6-isopropylamino-S-triazine) [53]. 
V, 
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were applied to over 57 million acres of farmland, making it the most-used herbicide 
(by weight) in the United States [37]. According to the National Water Quality 
Assessment (NA WQA) conducted by the USGS, atrazine was the herbicide detected 
most frequently in all areas of the United States, with the exception of shallow 
groundwater in urban areas. Concentrations were generally less than 1 µg/L in all 
sampled areas. Deethylatrazine (DEA), a major degradate of atrazine, was found 
almost as often, while two other degradates, deisopropylatrazine (DIA) and 
hydroxyatrazine (HA), were detected less frequently [38]. Atrazine concentrations 
rarely exceed 20 µg/L in rivers and streams, but concentrations at field edges can 
reach 250 µg/L. Concentrations in runoff from treated cornfields have been measured 
as high as 740 µg/L [39]. 
Numerous studies have used amphibian species to analyze the effects of 
atrazine on larval development. Howe, Gillis, and Mowbray found 96-hour LC50s 
for early stage larvae to be 47.6 mg/L atrazine for Rana pipiens (Northern leopard 
frog) and 26.5 mg/L atrazine for Bufo americanus (American toad). Abdominal 
edema was noted at sublethal concentrations [28]. In another study, larvae of R. 
pipiens exposed to 0, 20, and 200 µg/L atrazine from hatching until metamorphosis 
showed no significant effect in development rate, time to metamorphosis, mass at 
metamorphosis, or survival [39]. A study using Hy/a versicolor (grey tree frog) 
found that concentrations less than 2 mg/L caused no gross malformations or decrease 
in survival rate, but did cause a five percent decrease in tadpole length and a ten 
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percent decrease in tadpole weight at metamorphosis [ 40]. Xenopus laevis embryos 
exposed to atrazine appear to be more resistant than other tested species; one FET AX 
study found anLC50 oflO0 mg/Land an EC50 of33 mg/L [33]. 
Recent studies have focused on atrazine's effects on sexual differentiation of 
X laevis. Concentrations as low as 21 µg/L have been found to cause decreased 
numbers of primary oogonia in females [ 41] and decreased testicular volume and 
spermatogonial cell nests in males [42]. Concentrations as low as 0.1 µg/L atrazine 
can cause hermaphroditism inX laevis; multiple gonads in both sexes and decreased 
larynx size in males have been caused by 1.0 µg/L [43]. In general, gross 
malformation occurs only at concentrations much higher than those normally found in 
the field, while effects on gonadal differentiation were observed at much lower 
concentrations. 
Another pesticide of interest is copper sulfute, used to control bacterial and 
fungal diseases of fruit, vegetable, nut, and field crops, and to kill slugs and snails in 
irrigation and municipal water treatment systems. Copper sulfute is a General Use 
Pesticide (GUP) and is considered highly toxic [44]. A report by the National 
Irrigation Water Quality Program listed copper as one of the most common 
contaminants in urban runoff. Copper enters ground and surface waters as leachate 
from landfills, sludge from sewage treatment plants, waste from textile mills, 
cosmetics plants, and power plants, as leachate from drinking water pipes, and in 
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pesticides. Cu2+ is the form most commonly found in natural waters at concentrations 
ofl-20 µg/L; the average concentration in lakes and streams is 2 µg/L [45]. 
Copper is an essential heavy metal required for iron metabolism, elastin and 
collagen formation, melanin production, and the integrity of the central nervous 
system, among other things [ 46]. Copper deficiency, as well as excess copper, has 
been found to cause malformation in amphibians [47,48]. A study using Bufo 
arenarum (Argentine common toad) embryos found an LC50 of75 µg/L Cu2+ [46]. 
Cupric chloride evaluated using FET AX resulted in an LC50 of 1,398 µg/L Cu2+, an 
EC50 of 159 µg/L Cu2+, and an MCIG of635 µg/L Cu2+. Common deformities 
included malformations of the face, eyes, heart, gut, notochord, and fins [32]. Copper 
has been found to cause mortality in amphibian embryos at levels as low as 50-60 
µg/L [45]. 
The purpose of this study was to determine LC50, EC50, Tl, and MCIG 
values for atrazine and copper sulfate using FET AX, and to compare concentrations 
of these pesticides that cause mortality, deformity, and growth inhibition in the 
laboratory to concentrations that native amphibians would be exposed to in the field. 
Other goals included the determination of the length of exposure required to cause 
significant mortality and deformity, the specific deformities caused by each pesticide, 
and the concentrations and length of exposure required to produce these deformities. 
I hypothesized that significant mortality (LC50), deformity (EC50), and growth 
inhibition (MCIG) of X laevis embryos would be caused by concentrations of 
atrazine and copper sulfute comparable to those found in the field. To test this 
hypothesis, X laevis embryos were exposed to atrazine and copper sulfute for 96 
hours. Mortality and deformity were recorded every 24 hours. Tadpole head-tail 
length measurements were determined at 96 hours. 
MATERIALS AND METHODS 
Chemicals and test solutions 
All chemicals used were reagent grade unless otherwise specified. All test 
solutions were prepared using FETAX buffer solution (625 mg NaCl, 96 mg 
NaHCO3, 30 mg KC~ 15 mg CaCh, 60 mg CaSO4•2H2O, and 75 mg MgSQ4•7H2O 
per liter deionized water) according to standard guidelines [29]. Copper sulfute test 
concentrations ranged from 37.5 µg/L to 10 mg/L Cu2+. Atrazine solutions were 
prepared using Atrazine 4L (Drexel Chemical Company, Memphis, TN), a 
commercial formula containing 40.8% (w/v) atrazine. Test solutions ranged from 
1.56 mg/L to 800 mg/L atrazine. 
Adult housing and breeding 
Culture and test procedures followed guidelines found in Standard Guide for 
Conducting the Frog Embryo Teratogenesis Assay (FETAX) [29] unless otherwise 
noted. Sexually mature adult Xenopus laevis were obtained from Xenopus Express 
(Plant City, FL) and Xenopus I (Ann Arbor, MI). Adults were maintained in aquaria 
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in dechlorinated, constantly aerated water at a depth of20 cm. Aquaria were kept at 
22 ± l°C with a 12:12 hour light:dark cycle. Adults were fed three times weekly with 
commercial Xenopus food (Xenopus Express) immediately prior to aquarium water 
replacement. Adults were allowed to acclimate under these conditions for one month 
prior to injection. 
In order to induce reproduction, a male and female were injected in the dorsal 
lymph sac with 350 and 750 IU, respectively, of human chorionic gonadotropin 
(Carolina Biological Supply Company) using a 26-gauge needle. The pair was placed 
in an aquarium containing FET AX buffer solution at 22°C without light. Amplexus 
occurred within 2 to 6 hours of injection, with egg deposition occurring in 6 to 12 
hours post injection. Upon deposition, eggs fell through the openings (1 cm2) of a 
grid placed approximately 4 cm above the bottom of the aquarium in order to prevent 
ingestion of the eggs by the adults. The morning after injection, the breeding pair 
was removed and the eggs were collected from the bottom of the aquarium. Adults 
were separated, returned to aquaria, and not used again for reproduction for a 
minimum of two months. 
FETAX procedure 
Eggs were swirled in a 2% L-cysteine solution (pH=S.1) for 1 to 3 minutes to 
remove the jelly coat, and rinsed with FET AX buffer solution until the supernatant 
was clear. Fertilized eggs were selected for use in testing. Fertilization is indicated 
by the orientation of the eggs with the animal (dark) pole upward. Normally cleaving 
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embryos were sorted into petri dishes containing FETAX buffer. After a short time in 
which cleavage continued, embryos were again sorted to ensure normal cleavage. 
Only Stage 8 to Stage 11 embryos were used in the test. 
Ten embryos were assigned randomly to each petri dish containing 25 mL of 
test solution. Each test contained a minimum of three replicates per test concentration 
and the control, and each test was repeated three times. All dishes were kept in a 24 ± 
1 °C incubator for the duration of the test. Embryos were examined for deformity 
every 24 hours; dead embryos were removed and test solutions were renewed. After 
96 hours, all remaining embryos were examined for deformity. Live embryos were 
placed in MS222 (tricaine methanesulfonate) for euthaniz.ation and then into 70% 
ethanol for preservation and examination. Length data were obtained by digitally 
imaging all embryos and analyzing the images using SigmaScan Pro 5 [49]. 
Statistical Analysis 
Statistical analyses were performed using ToxStat [50] or Statview [51]. 
Mortality and deformity data were analyzed for differences using ANOV A followed 
by the appropriate Multiple Range test (Dunnett's or Steel's Many-One Rank test). 
This information resulted in the No Observable Adverse Effect Concentration 
(NOAEC) and the Least Observable Adverse Effect Concentration (LOAEC) for 
mortality and deformity. Data were analyzed for correlations using linear regression, 
which was used to determine the LC50 and EC50. Length data were analyzed using 
the Bonferroni t-test or the Kruskal-Wallis test where appropriate. Results were 
considered significant at a 0.05 alpha level. 
RESULTS 
Acute Toxicity-Atrazine 
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In all atrazine tests, mortality and deformity increased with increasing atrazine 
concentration. Toxicity results among atrazine tests were consistent. Raw data for 
survival and deformity at 96 hours can be found in Appendix A. Atrazine NOAECs 
for mortality ranged from 50 to 250 mg/L, while LOAECs ranged from 100 to 500 
mg/L (Figure 2). Ninety-six-hour LC50s ranged from 213 to 286 mg/L (Figure 3). 
NOAECs for deformity ranged from <1.95 to 3 .13 mg/L, while LOAECs ranged from 
1.95 to 6.25 mg/L (Figure 4). 96-hour EC50s ranged from 5.6 to 17.3 mg/L (Figure 
5). Resulting Teratogenic Indices ranged from 16.5 to 49.6, exceeding 1.5, the 
threshold for teratogenicity in FET AX (Table 1 ). 
In concentrations that were significantly affected by the presence of atrazine, 
mortality occurred only at very high concentrations (>400 mg/L ), and generally after 
more than 48 hours of exposure (Figure 6), while most deformities occurred within 48 
hours of exposure (Figure 7). Raw survival and deformity data at 24, 48, 72, and 96 
hours can be found in Appendix B. 
Common deformities (those that affected >50% of survivors at highest 
concentration) included abdominal edema, cardiac edema, optic edema, tail flexure, 
incomplete coiling of the gut, enlarged heart, and reduced or severely malformed 
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eyes. Edemas ranged from moderate to severe. Dorsal tail flexure was often 
observed, with lateral and ventral flexure less common. The spectrum of gut 
malfonnities ranged from loosening of the intestinal coils to complete lack of coiling. 
Eye malformations included slightly reduced development, the development of oval-
shaped eyes, and severely malformed eyes. Less common defonnities included 
ruffled dorsal fin and lack of ventral portion of the fin. Hypo- and hyperpigmentation 
were not categorized as defonnities, but were also noted. 
A consistent pattern of defonnity occurrence with increasing atrazine 
concentration at 96 hours was noted, with only slight variations (Figure 8). Raw data 
for selected common defonnities at 96 hours can be found in Appendix C. Cardiac 
edema appeared at low concentrations, followed by tail flexure, incomplete gut 
coiling, enlarged heart, abdominal edema, optic edema, and reduced or severely 
malformed eyes. At the highest concentrations, all surviving tadpoles except one had 
all commonly occurring defonnities. 
Deformity data were also analyzed for every 24-hour period for atrazine Test 
3, resulting in a pattern of defonnity over time (Figure 9). After 24 hours, all larvae 
at the highest concentrations were severely stunted, but other defonnities were not 
common in any concentration. Cardiac edema and reduced or severely malformed 
eyes occurred within 48 hours of exposure, followed by incomplete gut coiling, tail 
flexure, abdominal edema, and optic edema between 48 and 72 hours. At 96 hours, 
eye malformations generally occurred only in high atrazine concentrations (2:125 
mg/L), while optic and abdominal edemas occurred in concentrations greater than 
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Figure 3. Linear regression of percent survival of 
tadpoles in atrazine tests at 96 hours. 
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Table I. 96-hour statistical data for atrazine tests using FETAX. Teratogenic Index (TI)= 96-hour LC50/96-hour EC50. 
Teratogenic Indices greater than 1.5 indicate a high degree ofteratogenicity. 
Mortality Deformity 
LC50 EC50 NOAEC LOAEC NOAEC LOAEC 
Teratogenic 
Test Index (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
1 213 10.8 50 100 3.13 6.25 19.7 
2 286 17.3 250 500 none 1.95 16.5 
3 278 5.6 250 500 none 1.95 49.6 
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Figure 6. Percent survival of tadpoles in 
atrazine tests every 24 hours. 
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deformities in atrazine Test 3 at 24, 48, 72, and 96 hours. 
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Figure 9 ( continued). Percent of surviving tadpoles with selected 
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15.6 mg/L. Tail flexure and cardiac edema occurred at concentrations of3.9 mg/L 
and above, while uncoiled gut occurred at all tested concentrations. 
24 
Most larvae at the highest concentrations died before deformities other than stunted 
growth occurred. All severely deformed larvae - those with all or most of the 
commonly occurring deformities - either remained motionless or thrashed about, with 
no locomotor or orientation ability. 
Acute toxicity - Copper sulfate 
In all copper sulfate tests, mortality and deformity increased with increasing 
copper concentration. There was more variation among replicate copper sulfate tests 
than among atrazine tests. Raw data for survival and deformity at 96 hours can be 
found in Appendix E. NOAECs for mortality ranged from 300 to 625 µg/L, while 
LOAECs ranged from 600 to 1250 µg/L (Figure IO). Ninety-six-hour LC50s ranged 
from 600 to 3,980 µg/L (Figure I I). NOAECs for deformity ranged from <78.1 to 
156 µg/L, while LOAECs ranged from 78.1 to 313 µg/L (Figure 12). 96-hr EC50s 
ranged from 159 to 437 µg/L (Figures 13). Resulting Tis ranged from 1.6 to 9.4 
(Table 2). 
In concentrations that were significantly affected by the presence of copper 
sulfate, most mortality occurred afler 24 hours of exposure (Figure 14). Most 
deformities occurred within 72 hours of exposure (Figure 15). Raw survival and 
deformity data at 24, 48, 72, and 96 hours can be found in Appendix F. 
Common deformities ( affected >50% of survivors at highest concentration) 
included abdominal edema, cardiac edema, tail flexure, incomplete gut coiling, 
malformed mouth, ruflling of the fin, and absence of the ventral portion of the fin. 
Edemas ranged from slight to severe. Dorsal tail flexure was often observed, with 
lateral and ventral flexure noted less frequently. Mouth deformities included a 
greatly enlarged mouth and a small, beak-like mouth. Optic edema, reduced or 
severely malformed eyes, the presence of only one large eye, and complete absence 
of a head and organs were less common deformities. Hypo- and hyperpigmentation 
were observed, but were not categorized as deformities. 
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A generally consistent pattern of deformity occurrence with increasing copper 
sulfute concentration was noted at 96 hours (Figure 16). Raw data for selected 
common deformities at 96 hours can be found in Appendix G. Incomplete gut coiling 
appeared at low concentrations, followed by ruffled or missing ventral fin, enlarged 
or beaklike mouth, tail flexure, cardiac edema, and abdominal edema. At the highest 
concentration with surviving tadpoles, all survivors had various combinations of these 
deformities. 
Deformity data were analyzed for every 24-hour period for copper sulfate Test 
3, resulting in a pattern of deformity over time (Figure 17). Abdominal edema was 
the only deformity to commonly occur within the first 24 hours of exposure. Fin 
deformities, tail flexure, and cardiac edema occurred between 24 and 48 hours of 
exposure, followed by incomplete gut coiling, which became evident between 48 and 
72 hours. Mouth malformations were the last common deformity to occur, generally 
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Table 2. 96-hour statistical data for copper sulfate tests using FETAX. Teratogenic Index (TI)= 96-hour LC50/96-hour 
EC50. Teratogenic Indices greater than 1.5 indicate a high degree ofteratogenicity. 
Mortality Deformity 
LC50 EC50 NOAEC LOAEC NOAEC LOAEC 
Teratogenic 
Test Index (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
1 600 314 300 600 150 300 1.9 
2 3980 437 625 1250 156 313 9.1 
3 1500 159 313 625 none 78.1 9.4 
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Figure 17. Percent of surviving tadpoles with selected 
deformities in copper sulfateTest 3 at 24, 48, 72, and 96 hours. 
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Figure 17 ( continued). Percent of surviving tadpoles with selected 
deformities in copper sulfate Test 3 at 24, 48, 72, and 96 hours. 
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appearing after 72 hours of exposure. After 96 hours of exposure, mouth and fin 
deformities occurred only at high concentrations (c::313 µg/L ). Cardiac edema, 
abdominal edema, and tail flexure were evident at all concentrations, but were 
common at high concentrations (c::1250 µg/L ). Uncoiled gut also occurred at all 
concentrations, but was common at concentrations of at least 313 µg/L. 
At all concentrations, larvae with tail flexure showed a tendency to swim 
quickly in circles. Larvae with abdominal or cardiac edema appeared to be lethargic 
and lacking in locomotor ability when disturbed. 
Length Analysis 
36 
Tadpole head-to-tail lengths were inversely correlated with atrazine and 
copper sulfate concentrations. Raw length data can be found in Appendices D 
(atrazine) and H (copper sulfate). Minimum Concentrations that Inhibited Growth for 
both pesticides were variable. In all tests, exposure caused significantly decreased 
tadpole head-to-tail lengths. There was a statistically significant difference in head-
to-tail length at all tested concentrations in two atrazine tests. These MCI Gs were 
very similar (1.56 and 1.95 mg/L), while the MCIG from the remaining test was 
higher (7.8 mg/L) (Figures 18 and 19, Table 3). There was a statistically significant 
difference in head-to-tail length in all tested concentrations in one copper sulfate test. 
In two copper sulfate tests, the MCIGs were identical (156 µg/L), while the remaining 
test had a lower MCIG (75 µg/L) (Figures 20 and 21, Table 4). 
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Figure 18. Mean tadpole length in atrazine tests at 96 hours. 
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atrazine tests at 96 hours. 
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Figure 20. Mean tadpole length in copper sulfute tests at 96 hours. 
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Figure 21. Linear regression of tadpole length in 
copper sulfate tests at 96 hours. 
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Table 3. 96-hour Minimum Concentrations that Inhibited Growth (MCIG) for 
atrazine. An MCIG that is less than 30 percent of the 96-hour LC50 indicates a 
high degree of teratogenicity. 
TEST 
I 
2 
3 
MCIG(mg/L) 
1.56 
7.8 
1.95 
LC50 (mg/L) 
213 
286 
278 
Percent ofLC50 
0.7 
2.7 
0.7 
Table 4. 96-hour Minimum Concentrations that Inln"bited Growth (MCIG) for 
copper sulfate. An MCIG that is less than 30 percent of the 96-hour LC50 
indicates a high degree ofteratogenicity. 
TEST 
1 
2 
3 
MCIG (µg/L) 
75 
156 
156 
LC50 (µg/L) 
600 
3980 
1500 
Percent ofLC50 
12.5 
3.9 
10.4 
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DISCUSSION 
Acute Toxicity 
Few studies on the toxicity of atrazine and copper sulfate to amphibian larvae 
are available for comparison to my results. The LC50 (100 mg/L atrazine) and EC50 
(33 mg/L atrazine) determined by Morgan et al. [33], although different from mine, 
are within the range of values that can be expected due to variation in testing methods 
and organismal sensitivity. In both studies, X laevis was more resistant to the effects 
ofatrazine exposure than early-stage R. pipiens and B. americanus larvae [28]. 
Luo et al. [32] determined the 96-hr LC50 for X laevis to be 1398 µg/L Cu2+ 
and the 96-hr EC50 to be 159 µg/L Cu2+. My results fall within the range of values 
that can be expected based on their results. Deformities noted by Luo et al. were 
consistent with those found in my study. My results indicate that X laevis is more 
resistant to the effects of copper exposure than B. arenarum larvae [ 46]. Results from 
my three tests indicate a high degree of variability between individual egg masses 
with regard to LC50, EC50, and severity of deformities, making an accurate analysis 
of the developmental toxicity of copper sulfate difficult. This concern was noted by 
the Interagency Coordinating Committee on the Validation of Alternative Methods 
(ICCV AM) in their evaluation ofFETAX [52]. After analyzing all available FETAX 
data, they concluded that the results were excessively variable, both within and 
between laboratories. The cause of this variability, in analysis of copper sulfate or 
other compounds, has not been identified. 
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Despite the variation in results, X laevis remains the best choice for 
laboratory experiments because of the ease with which reproduction can be induced. 
My attempts with R. pipiens and R. catesbeiana failed to produce eggs, in spite of 
repeated attempts and the use of human chorionic gonadotropin. The increased 
correlation of any results with the actual field situation when using a native species 
was balanced by the difficulty in breeding and maintaining healthy colonies of these 
species and, in the end, I used X laevis exclusively. The variability in my results may 
be attributed to differences in care between the two suppliers from which I obtained 
frogs, or it may be that there are significant differences between larvae of different 
breeding pairs, regardless of other factors. 
Both embryotoxicity and embryolethality occurred at concentrations higher 
than those usually detected in streams, lakes, and rivers. However, little information 
on concentrations in temporary waters is available. Amphibians breed in temporary 
pools, ditches, flooded fields, and fium ponds, where herbicide levels are likely to be 
much higher. Herbicides are often applied when the soil is tilled and during the early 
growing season, which coincides with the breeding season for many amphibians. 
Herbicide levels can peak during spring and early summer, when amphibian larvae 
are undergoing critical developmental stages. These areas are seldom surveyed for 
pesticides, but atrazine concentrations as high as 250 µg/L have been detected at field 
edges, and concentrations as high as 740 µg/L have been detected in runoff from 
treated cornfields (39]. Temporary waters fed by runoff from fields are common 
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breeding sites for amphibians, and concentrations in these waters could potentially be 
in the range of embryotoxic and embryolethal concentrations found in my study. 
Chronic effects 
A risk assessment by Solomon et al. [53] supports the idea that small 
reservoirs receiving runoff from treated areas may contain higher herbicide 
concentrations than larger bodies of water. Atrazine persists for approximately 60 to 
100 days before degrading [3 7], more than long enough to affect developing 
amphibian larvae, even at Jess than lethal concentrations. Both copper sulfute and 
atrazine have the potential to cause a variety of sublethal effects with chronic 
exposure. Egg mortality, larval mortality, growth and development retardation, and 
increased susceptibility of larvae to disease and predation are possible chronic effects. 
Edema, coupled with decreased locomotor and orientation ability, could increase 
vulnerability of larvae to predators and reduce foraging success, which in turn could 
decrease development rate and size at metamorphosis [28]. In my study, abnormal 
tail flexure was a common malformation, along with fin deformities. These 
deformities, along with the corresponding tendency to swim in circles, could also 
increase vulnerability of larvae to predators. Lack of normal gut coiling was also a 
common deformity, often at lower tested concentrations. Normal gut coiling is 
essential for digestion of algae, a primary food source for tadpoles. Slight 
abnormalities could cause decreased development and growth rates, while more 
severe gut deformities could result in almost complete inability to digest food and 
significantly increase mortality in affected populations. 
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Herbicides also have detrimental effects on amphibian food supplies. There is 
evidence that atrazine is less toxic to amphibians than it is to plants [ 40]. Detenbeck 
et al. found that atrazine concentrations as low as 15 µg/L decreased periphyton 
production [54]. Copper sulfate is often used as an algicide as well as an herbicide 
[44]. Decreased food supplies in herb~cide-exposed areas, coupled with deformities 
that decrease foraging efficiency and ability to digest can result in significant 
decreases in tadpole growth, development, and survival. 
Length Analysis 
To my knowledge, no other studies have been performed to analyze the 
growth inhibition ofX laevis embryos exposed to atrazine. Diana et al. [40] found 
that concentrations less that 2 mg/L caused a 5% decrease in tadpole length at 
metamorphosis in H. versicolor. In two of my atrazine tests, all tested concentrations 
significantly inhibited tadpole growth. My results for copper sulfute growth 
inhibition were not as consistent; MCI Gs ranged from 31.25 to 156.25 µg/L. In a 
similar test using copper chloride, Luo et al [32] found an MCIG of 635 µg/L. This is 
much higher than any of my test results, but copper sulfute results were inconsistent 
among all tests we performed. All MCI Gs were much less than 30% of96-hr LC50s, 
indicating a high degree ofteratogenicity. Decreases in growth rate after only 96 
hours of exposure to relatively low atrazine and copper sulfate concentrations could 
decrease length and weight at metamorphosis and increase time to metamorphosis, 
which could be critical in temporary waters. 
Developmental toxicity - atrazine 
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Atrazine can be absorbed orally, dermally, or by inhalation in humans and 
animals and probably occurs primarily through cutaneous respiratory surfaces in 
amphibians. It is absorbed through the gastrointestinal tract and into the bloodstream. 
If not excreted, it is stored in the liver, kidneys, and lungs. In whitefish, it 
accumulates in the brain, gall bladder, liver, and gut. Atrazine causes structural and 
chemical changes in the brain, heart, liver, kidneys, ovaries, and endocrine organs of 
rats. Lethal doses have been found to cause congestion and hemorrhaging in the 
lungs, kidneys, liver, spleen, brain, and heart. Growth retardation has been observed 
in rats [ 5 5], similar to retarded growth I observed in X laevis embryos. 
In rainbow trout ( Oncorhynchus mykiss) atrazine causes changes in cells of 
the proximal and distal renal tubules at concentrations as low as 10 and 20 µg/L, 
respectively. Changes include proliferation of smooth endoplasmic reticulum, 
disorganization of Golgi fields, proliferation of peroxisomes, and development of 
atypical mitochondria and lysosomes [56]. In liver cells of 0. mykiss, changes after 
exposure to 40 µg/L atrazine include alteration of rough endoplasmic reticulum, 
disturbance of intracellular compartmentation, increased heterogeneity of 
mitochondria, formation ofmyelinated bodies, and immigration of macrophages and 
granulocytes. These effects are dose-dependent, increasing in severity with 
47 
increasing atrazine concentration [57]. Among the most common deformities I noted 
after atrazine exposure were edema, uncoiled gut, and enlarged heart, which 
correspond with organs that are damaged by atrazine in other animals. 
The cause of this damage is unknown, but it is possible that atrazine disrupts 
hormones involved in the development of these organs. Atrazine causes mammary 
gland tumors and disrupts estrous [58], and also induces pseudopregnancy and 
prolonged estrous in rats [59]. Exposure of male Atlantic salmon (Sa/mo salar) to 
atrazine reduced olfactory response to the female priming pheromone prostoglandin 
[60]. In amphibians, atrazine induces hermaphroditism and formation of multiple 
gonads [43], and decreases testicular volume [42], which is thought to be caused by 
increased aromatase activity in exposed organisms. These results indicate that 
atrazine affects hormone activity in developing embryos, which could affect organ 
development, causing the deformities we noted. 
Developmental toxicity - copper sulfate 
Copper uptake in adult amphibians occurs primarily through the skin. 
Accumulation of copper begins in the large intestine, followed by the liver and the 
kidneys after the liver capacity has been exceeded [ 61]. In amphibian larvae, uptake 
of copper occurs through external and internal gills, cutaneous respiratory surfaces, 
and the gastrointestinal tract [ 62]. In both humans and animals, injury to the brain, 
48 
liver, kidneys, and stomach and intestinal linings has occurred after exposure to 
copper sulfute. Growth retardation has been observed in rats, and damage to the skin 
and eyes has also been noted [ 44]. 
The cause for damage to these organs is unclear. One possibility is 
metallothioneins, which are small, metal-binding proteins in the tissues of eukaryotes 
that show a high affinity for some heavy metals, including copper [63]. Most animal 
species have two major classes of metallothioneins, but most amphibians, including 
X laevis, have only one form [63,64]. The exact function ofmetallothioneins is 
unclear, but they are thought to be involved in detoxification of heavy metals [63,65], 
cellular repair processes, and cell growth and differentiation [ 65]. 
Metallothionein synthesis is induced in amphibians by many metals, and has 
been induced in rodent tissues by metals, drugs, and various hormones [63]. More 
than 30 chemical and physical treatments that induce metallothionein synthesis have 
been described [66]. Expression is controlled at the transcriptional level by several 
factors, including metal ions, hormones, UV radiation, and free radicals [67]. 
Metallothioneins exhibit metal-specific binding, and bound metals are sequestered in 
lysosomes or carried to the kidney [68]. Cellular toxicity probably occurs after the 
metal-binding capacity ofmetallothionein has been exceeded [69], but exposure to 
cadmium-metallothionein has been found to cause renal proximal tubular dysfunction 
similar to that caused by chronic cadmium exposure in mice [70]. Increased synthesis 
of metallothionein in the liver and kidneys of adult amphibians can be induced by 
exposure to metals [64], and noticeable amounts are also found in the brain and 
intestine. Metallothionein expression during development is low, but some organs, 
including the liver, intestine, and kidney, express metallothionein throughout larval 
development and in adult Xenopus [ 65]. These organs were affected by copper 
sulfate in my study. Exposure to copper sulfate almost certainly increased 
metallothionein synthesis in my embryos, which may have caused damage to the 
liver, kidneys, and intestine. Dysfunction in the intestine and kidneys could cause 
uncoiled gut and edema, which were consistently among the most common 
deformities we noted. Exposure to copper sulfate has been determined to cause 
growth retardation in rats similar to retarded growth I found inX laevis embryos. 
Conclusions 
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Based on the Tis and MCI Gs presented here, atrazine has a greater potential 
for teratogenic effects than copper sulfate. Both pesticides caused mortality, severe 
malformation, and inlnbited growth inX laevis, but only at concentrations much 
higher than those found in the field. Although extremely high concentrations of 
atrazine and copper sulfate were required to cause mortality within the 96 hours of the 
FETAX assay, many of the deformities I noted occurred at all tested concentrations, 
and would certainly cause mortality later. It is unlikely that these pesticides have 
been the direct cause of global amphibian decline, but they have almost certainly 
contributed to some extent, along with other stressful factors such as increased UV -B 
radiation. 
RECOMMENDATIONS FOR FURTHER RESEARCH 
As previously noted, my copper sulfate results varied widely among 
individual egg masses. As a result, analysis of the developmental toxicity of copper 
sulfate is difficult, and any results could not be used for regulatory purposes. This is 
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a common concern about use of the FETAX protocol. Before any action can be taken 
to modify the protocol to increase consistency within and among laboratories, more 
research by different laboratories needs to be performed using the same compounds, 
so that comparative analyses can be performed. In my study, differences were noted 
between egg masses from different breeding pairs, which were obtained from two 
amphibian suppliers. This could explain some of the variation in my results if the 
quality or method of care varied between the two suppliers, resulting in differences in 
health of adult Xenopus. 
Another limitation of the FETAX protocol is its emphasis on the use of 
Xenopus laevis, a laboratory-bred non-native species in the United States. 
Modifications of the protocol for the use of different, native species would increase 
the validity of results by allowing for the use of one very common species ( e.g. the 
bullfrog, Rana catesbeiana) or the use of different species in different regions of the 
United States, based on species abundance or rates of deformity in each species. This 
would require a great deal of time and effort, however, because of the difficulty in 
induction ofreproduction in most native species. 
FETAX results generally only demonstrate the results of exposure after 96 
hours, but many of the defonnities that develop during this period can have effects 
later in development. To study the effects of short-term exposure, survivors of the 
initial assay should be raised to adulthood to determine any long-term effects on 
growth, development, and survival. 
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Another suggestion is a survey of natural waters that are likely to contain high 
concentrations of atrazine and other pesticides. Small bodies of still water are 
common near fields that regularly receive herbicide application, especially during 
spring, when amphibians are breeding and eggs and larvae are at risk for exposure. 
Herbicide concentrations in these waters can become high, but there is little definitive 
data on actual herbicide levels. Although atrazine causes mortality only at very high 
concentrations in 96 hours, defonnity occurs in less time and at concentrations similar 
to those that could be found in ponds or temporary waters adjacent to fields where 
application has occurred. More data is needed on actual field concentrations before 
the risk posed by atrazine and other pesticides can be fully understood. 
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A-1 
APPENDIXA 
ATRAZINE 
SURVIVAL AND DEFORMITY DATA AT 96 HOURS 
A-2 
Atrazine test 1. Number of surviving tadpoles at 96 hours in each 
replicate of each concentration. N=60 in each concentration. 
Atrazine Replicate 
(mg/L) A B C D E F Total 
Control 9 10 10 10 10 10 59 
1.56 9 9 10 10 10 9 57 
3.125 9 10 10 8 10 10 57 
6.25 9 10 10 10 8 10 57 
12.5 9 8 10 10 IO 9 56 
25 8 9 9 10 10 10 56 
50 6 10 8 8 9 8 49 
100 10 5 5 7 10 9 46 
200 9 7 5 10 7 4 42 
400 0 0 0 0 0 0 0 
800 0 0 0 0 0 0 0 
A-3 
Atrazine test 2. Number of surviving tadpoles at 96 hours in 
each replicate of each concentration. N=40 in each 
concentration. 
Atrazine Replicate 
(mg/L) A B C D Total 
Control 9 9 9 9 36 
1.95 8 8 10 7 33 
3.9 10 9 9 9 37 
7.8 10 10 8 9 37 
15.6 10 8 8 8 34 
31.3 8 9 7 9 33 
62.5 10 9 8 8 35 
125 8 10 8 8 34 
250 9 9 7 9 34 
500 0 0 0 0 0 
A-4 
Atrazine test 3. Number of surviving tadpoles at 
96 hours in each replicate of each concentration. 
N=30 in each concentration. 
Atrazine Replicate 
(mg/L) A B C Total 
Control 9 10 10 29 
1.95 10 10 10 30 
3.9 10 10 8 28 
7.8 10 10 10 30 
15.6 10 9 10 29 
31.3 10 10 10 30 
62.5 10 10 9 29 
125 10 7 10 27 
250 9 5 5 19 
500 0 0 0 0 
A-5 
Atrazine test I. Number of surviving tadpoles that were 
deformed at 96 hours in each replicate of each concentration. 
N=60 in each concentration. 
Atrazine Replicate 
(mg/L) A B C D E F Total 
Control 0 I I 0 0 I 3 
1.56 0 0 0 0 0 2 2 
3.13 I 0 2 2 3 2 10 
6.25 2 2 4 2 3 3 16 
12.5 5 8 7 7 IO 6 43 
25 8 9 9 IO 10 IO 56 
50 6 10 8 8 9 8 49 
100 10 5 5 7 10 9 46 
200 9 7 5 10 7 4 42 
400 
* * * * * * * 
800 
* * * * * * * 
* indicates that there were no survivors 
A-6 
Atrazine test 2. Number of surviving tadpoles that were 
deformed at 96 hours in each replicate of each concentration. 
N=40 in each concentration. 
Atrazine Replicate 
(mg/L) A B C D Total 
Control 0 1 1 1 3 
1.95 2 1 4 2 9 
3.9 2 2 4 2 10 
7.8 2 5 3 3 13 
15.6 5 5 4 2 16 
31.3 8 9 6 7 30 
62.5 IO 9 8 8 35 
125 8 10 8 8 34 
250 9 9 7 9 34 
500 
* * * * * 
* indicates that there were no survivors 
A-7 
Atrazine test 3. Number of surviving tadpoles that 
were deformed at 96 hours in each replicate of each 
concentration. N=30 in each concentration. 
Atrazine Replicate 
(mg/L) A B C Total 
Control 0 0 0 0 
1.95 2 3 I 6 
3.9 4 4 5 13 
7.8 8 6 7 21 
15.6 10 9 10 29 
31.3 10 10 10 30 
62.5 10 10 9 29 
125 10 7 10 27 
250 9 5 5 19 
500 
* * * * 
* indicates that there were no survivors 
APPENDIXB 
ATRAZINE 
SURVIVAL AND DEFORMITY DATA AT 
24, 48, 72, AND 96 HOURS 
B-1 
B-2 
Atrazine test 1. Number of surviving tadpoles in each 
concentration every 24 hours. N=60 in each 
concentration. 
Atrazine 
24hrs 48 hrs 72hrs 96hrs (mg/L) 
Control 59 58 58 58 
1.56 59 57 57 57 
3.125 58 58 58 57 
6.25 59 59 58 57 
12.5 59 58 58 56 
25 59 58 58 56 
50 58 55 54 49 
100 60 59 59 46 
200 58 55 54 42 
400 59 58 0 0 
800 60 60 0 0 
B-3 
Atrazine test 2. Number of surviving tadpoles in each 
concentration every 24 hours. N=40 in each 
concentration. 
Atrazine 
24 hrs 48 hrs 72hrs 96 hrs (mg/L) 
Control 37 36 36 36 
1.95 37 37 34 33 
3.9 39 39 38 37 
7.8 37 37 37 37 
15.6 35 34 34 34 
31.25 36 35 35 33 
62.5 38 36 36 35 
125 40 34 34 34 
250 35 35 35 34 
500 36 34 0 0 
B-4 
Atrazine test 3. Number of surviving tadpoles in each 
concentration every 24 hours. N=30 in each 
concentration. 
Atrazine 
24 hrs 48 hrs 72 hrs 96 hrs (mg/1) 
Control 29 29 29 29 
1.95 30 30 30 30 
3.9 28 28 28 28 
7.8 30 30 30 30 
15.6 29 29 29 29 
31.25 30 30 30 30 
62.5 28 29 29 29 
125 30 29 29 27 
250 28 25 25 19 
500 29 29 23 0 
B-5 
Atrazine test 1. Number of surviving tadpoles tbat were 
deformed in each concentration every 24 hours. N=60 in 
each concentration. 
Atrazine 
24hrs 48 hrs 72hrs 96 hrs (mg/L) 
Control 4 4 3 3 
1.56 I 1 2 2 
3.125 I 5 3 10 
6.25 6 5 7 16 
12.5 3 2 5 43 
25 11 9 33 56 
50 12 13 53 49 
100 12 16 59 46 
200 15 29 54 42 
400 19 58 * * 
800 60 60 
* * 
* indicates that there were no survivors 
B-6 
Atrazine test 2. Number of surviving tadpoles that were 
deformed in each concentration every 24 hours. N=40 in 
each concentration. 
Atrazine 24hrs 48 hrs 72hrs 96 hrs (mg/1) 
Control 3 3 3 3 
1.95 7 7 4 9 
3.9 3 3 5 10 
7.8 4 7 7 13 
15.6 2 14 14 16 
31.25 3 29 32 30 
62.5 2 36 36 35 
125 6 34 34 34 
250 35 35 35 34 
500 36 34 
* * 
* indicates that there were no survivors 
B-7 
Atrazine test 3. Number of surviving tadpoles that were 
deformed in each concentration every 24 hours. N=30 in 
each concentration. 
Atrazine 
24hrs 48 hrs 72 hrs 96 hrs (mg/L) 
Control 0 0 0 0 
1.95 2 2 0 6 
3.9 0 8 9 13 
7.8 0 8 17 21 
15.6 3 19 19 29 
31.25 6 27 30 30 
62.5 0 29 29 29 
125 4 29 29 27 
250 28 25 25 19 
500 29 29 23 
* 
* indicates that there were no survivors 
C-1 
APPENDIXC 
ATRAZINE 
SELECTED DEFORMITIES AT 96 HOURS 
C-2 
Atrazine test 1. Number of tadpoles in each concentration with selected defonnities 
at 96 hours. N=60 in each concentration. 
Atrazine Eyes Tiny/ Optic Abdominal Gut Not Tail Cardiac 
(mg/L) Deformed Edema Edema Coiled Flexure Edema 
Control 0 0 0 3 2 0 
1.56 0 0 0 2 0 0 
3.13 0 1 6 3 1 8 
6.25 1 1 2 3 13 17 
12.5 0 1 1 2 21 40 
25 3 18 16 14 43 56 
50 6 20 35 27 43 48 
100 15 32 39 41 46 46 
200 42 41 42 42 42 42 
C-3 
Atrazine test 2. Number of tadpoles in each concentration with selected deformities 
at 96 hours. N=40 in each concentration. 
Atrazine Eyes Tiny/ Optic Abdominal Gut Not Tail Cardiac 
(mg/L) Deformed Edema Edema Coiled Flexure Edema 
Control 0 1 1 2 1 2 
1.95 3 2 3 8 2 3 
3.9 2 2 2 6 8 2 
7.8 3 4 3 8 9 6 
15.6 2 1 1 7 4 15 
31.3 0 0 1 9 7 30 
62.5 0 1 5 12 16 35 
125 2 21 24 31 20 34 
250 34 34 34 34 34 34 
C-4 
Atrazine test 3. Number of tadpoles in each concentration with selected deformities 
at 96 hours. N=30 in each concentration. 
Atrazine Eyes Tiny/ Optic Abdominal Gut Not Tail Cardiac 
(mg/L) Deformed Edema Edema Coiled Flexure Edema 
Control 0 0 0 0 0 0 
1.95 1 0 1 6 0 1 
3.9 0 0 0 9 11 9 
7.8 0 0 0 17 11 19 
15.6 0 1 1 18 29 29 
31.3 1 6 6 24 30 30 
62.5 0 6 13 29 29 29 
125 9 22 25 27 27 27 
250 19 19 19 19 19 19 
APPENDIXD 
ATRAZINE 
LENGTH DATA AT 96 HOURS 
D-1 
D-2 
Atrazine test 1. Tadpole head-to-tail lengths in each test concentration. N=60 in each 
concentration. 
Control 1.56 mglL 3.13 mglL 6.25 mglL 12.5 mglL 25 mglL 50 mglL 100 mglL 200 mglL 
8.903 6.708 6.487 6.751 5.973 7.539 6.457 6.335 5.491 
9.095 7.074 7.267 7.003 6.000 7.565 6.816 6.415 5.980 
9.363 7.094 7.797 7.156 6.162 7.732 6.933 6.476 6.150 
9.387 7.416 7.801 7.176 6.285 7.742 6.968 6.479 6.371 
9.412 7.425 7.941 7.217 6.323 7.810 6.984 6.527 6.379 
9.450 7.493 7.985 7.226 6.333 7.826 7.065 6.596 6.497 
9.471 7.509 8.038 7.239 6.498 7.869 7.135 6.733 6.757 
9.471 7.677 8.044 7.273 6.508 7.953 7.176 6.757 6.757 
9.486 7.679 8.060 7.310 6.569 7.975 7.207 6.817 6.816 
9.505 7.687 8.095 7.373 6.662 8.013 7.227 6.818 6.855 
9.600 7.729 8.100 7.425 6.674 8.018 7.267 6.859 6.882 
9.663 7.738 8.119 7.430 6.681 8.063 7.358 6.861 6.946 
9.678 7.807 8.121 7.497 6.685 8.070 . 7.367 6.902 6.997 
9.678 7.810 8.178 7.533 6.717 8.071 7.400 6.941 7.097 
9.780 7.838 8.188 7.533 6.745 8.144 7.476 7.108 7.225 
9.877 7.845 8.202 7.533 6.795 8.156 7.515 7.249 7.279 
9.894 7.864 8.278 7.553 6.809 8.201 7.520 7.257 7.416 
9.946 7.903 8.283 7.561 6.837 8.226 7.526 7.257 7.417 
9.959 7.923 8.314 1.565 6.873 8.236 7.677 7.282 7.465 
10.018 7.941 8.371 7.569 6.882 8.355 7.681 7.347 7.586 
10.043 7.953 8.400 7.572 6.897 8.368 7.684 7.365 1.665 
10.097 7.970 8.454 7.586 6.984 8.377 7.693 7.439 7.890 
10.151 7.979 8.455 7.610 6.998 8.379 7.722 7.440 7.952 
10.165 8.010 8.495 7.634 6.998 8.409 7.725 7.452 7.989 
10.217 8.032 8.523 7.667 7.009 8.426 7.748 7.464 8.002 
10.219 8.039 8.527 7.703 7.045 8.482 7.756 7.493 8.113 
10.319 8.039 8.539 7.728 7.049 8.484 7.813 7.531 
8.084 8.540 7.745 7.056 8.489 7.836 7.547 
8.114 8.543 7.762 7.057 8.490 7.876 7.701 
8.126 8.546 7.772 7.061 8.504 7.913 7.709 
8.128 8.569 7.776 7.068 8.539 7.945 7.722 
8.188 8.572 7.778 7.073 8.555 1.955 7.722 
8.192 8.595 7.801 7.073 8.568 7.973 7.734 
8.205 8.611 7.846 7.167 8.573 7.992 7.770 
8.211 8.669 7.858 7.206 8.731 7.998 7.790 
8.251 8.711 7.889 7.260 8.731 8.002 7.791 
8.262 8.736 7.890 7.260 8.734 8.009 7.816 
8.295 8.748 7.910 7.279 8.744 8.009 7.954 
8.310 8.748 7.937 7.283 8.767 8.023 8.004 
D-3 
Atrazine test 1 ( continued). Tadpole head-to-tail lengths in each test concentration. N=60 in each 
concentration. 
Control 1.56 mglL 3.13 mglL 6.25 mglL 12.5 mglL 25mg/L 50mg/L 100 mglL 200 mglL 
8.350 8.771 7.946 7.284 8.781 8.038 8.018 
8.351 8.816 7.955 7.286 8.797 8.122 8.037 
8.397 8.859 7.965 7.309 8.831 8.123 8.044 
8.402 8.859 7.994 7.315 8.851 8.233 8.129 
8.408 8.865 7.999 7.386 8.851 8.248 8.148 
8.422 8.868 8.053 7.426 8.869 8.312 8.253 
8.462 8.890 8.071 7.556 8.896 8.336 8.534 
8.494 8.891 8.110 7.559 8.911 8.349 
8.543 8.946 8.136 7.561 8.931 8.629 
8.561 9.015 8.185 7.668 8.961 8.841 
8.565 9.021 8.338 7.671 9.021 
8.606 9.043 8.388 7.697 9.059 
8.609 9.073 8.411 7.861 9.217 
8.626 9.074 8.581 7.896 9.228 
8.659 9.097 8.586 8.125 9.285 
8.671 9.158 8.596 8.168 9.314 
8.684 9.194 8.621 8.360 9.372 
8.807 9.494 9.287 
8.850 
D-4 
Atrazine test 2. Tadpole head-to-tail lengths in each test concentration. N=40 in each 
concentration. 
Control 1.95 3.9 7.8 15.6 31.25 62.5 125 250 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
7.045 7.066 7.902 6.851 5.755 7.031 6.345 5.768 5.304 
9.213 7.595 8.482 7.268 5.925 7.130 6.364 5.839 5.990 
9.346 8.782 8.484 8.154 7.661 7.150 6.434 5.867 6.230 
9.380 8.954 8.578 8.225 7.773 7.188 6.440 6.064 6.320 
9.424 9.032 8.699 8.235 7.972 7.297 6.450 6.107 6.324 
9.463 9.061 8.733 8.346 8.061 7.333 6.508 6.152 6.327 
9.526 9.065 8.785 8.361 8.068 7.341 6.615 6.174 6.370 
9.596 9.130 8.826 8.416 8.075 7.346 6.832 6.275 6.390 
9.626 9.150 8.875 8.445 8.120 7.354 6.962 6.360 6.429 
9.640 9.196 8.881 8.456 8.132 7.383 7.052 6.478 6.503 
9.641 9.198 8.925 8.550 8.139 7.423 7.059 6.555 6.504 
9.670 9.220 8.964 8.607 8.182 7.477 7.138 6.575 6.532 
9.688 9.279 8.975 8.690 8.243 7.477 7.172 6.748 6.568 
9.690 9.281 9.003 8.737 8.268 7.492 7.209 6.753 6.590 
9.720 9.301 9.040 8.748 8.269 7.523 7.225 6.815 6.621 
9.730 9.302 9.135 8.757 8.302 7.530 7.237 6.825 6.652 
9.761 9.369 9.144 8.829 8.303 7.559 7.241 6.855 6.663 
9,771 9.388 9.161 8.835 8.321 7.578 7.296 6.866 6.734 
9.820 9.395 9.186 8.854 8.337 7.594 7.301 6.905 6.744 
9.864 9.411 9.201 8.862 8.396 7.594 7.359 7.048 6.809 
9.918 9.412 9.213 8.929 8.400 7.615 7.364 7.090 6.827 
9.959 9.419 9.235 8.951 8.414 7.618 7.388 7.121 6.874 
9.965 9.439 9.274 8.978 8.455 7.699 7.416 7.182 6.889 
9.972 9.477 9.275 8.992 8.459 7.714 7.426 7.193 6.913 
9.978 9.551 9.355 9.020 8.469 7.754 7.437 7.210 6.942 
10.027 9.582 9.370 9.026 8.502 7.762 7.437 7.228 6.944 
10.068 9.600 9.377 9.077 8.545 7.849 7.463 7.319 6.956 
10.139 9.600 9.396 9.114 8.590 7.886 7.525 7.402 6.960 
10.160 9.725 9.408 9.142 8.681 7.934 7.531 7.446 6.962 
10.171 9.915 9.416 9.146 8.737 7.985 7.554 7.456 6.981 
10.175 9.437 9.220 8.794 8.022 7.801 7.514 7.023 
10.189 9.448 9.237 8.804 8.034 7.814 7.534 7.085 
10.199 9.516 9.243 8.848 8.211 7.816 7.691 7.122 
10.236 9.516 9.365 9.171 7.839 7.713 
9.543 9.490 7.950 
8.175 
D-5 
Atrazine test 3. Tadpole head-to-tail lengths in each test concentration. N=30 in each 
concentration. 
Control 1.95 3.9 7.8 15.6 31.25 62.5 125 250 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
9.581 8.370 7.293 8.156 7.528 6.662 7.280 6.737 6.285 
9.664 8.524 7.674 8.399 7.562 6.938 7.429 7.243 6.846 
9.738 8.911 8.333 8.562 7.618 7.001 7.494 7.288 7.126 
9.756 8.931 8.390 8.600 7.645 7.766 7.604 7.315 7.143 
9.836 8.944 8.491 8.697 7.694 7.803 7.718 7.390 7.282 
9.872 9.060 8.642 8.785 7.740 8.028 7.962 7.449 7.284 
10.004 9.077 8.864 8.831 7.773 8.241 7.966 7.473 7.445 
10.010 9.115 8.935 8.840 7.776 8.272 8.119 7.581 7.454 
10.026 9.214 9.122 8.842 7.796 8.368 8.268 7.762 7.472 
10.114 9.272 9.189 8.868 7.814 8.418 8.280 7.801 7.481 
10.131 9.285 9.210 8.908 7.835 8.425 8.309 7.810 7.501 
10.142 9.293 9.270 8.943 7.878 8.425 8.369 7.822 7.578 
10.178 9.553 9.277 9.031 7.910 8.464 8.459 7.828 7.620 
10.192 9.555 9.288 9.047 7.969 8.468 8.459 7.915 7.622 
10.232 9.567 9.322 9.048 7.981 8.472 8.504 7.926 7.637 
10.236 9.584 9.348 9.049 7.994 8.479 8.519 8.011 7.638 
10.236 9.641 9.358 9.196 8.051 8.494 8.523 8.110 7.821 
10.275 9.670 9.445 9.224 8.057 8.556 8.530 8.178 7.844 
10.288 9.770 9.545 9.269 8.078 8.677 8.579 8.186 7.892 
10.294 9.925 9.548 9.270 8.094 8.704 8.675 8.240 
10.401 9.932 9.562 9.273 8.144 8.704 8.686 8.246 
10.470 9.964 9.581 9.305 8.150 8.782 8.749 8.276 
10.484 9.988 9.615 9.395 8.181 8.787 8.769 8.305 
10.590 9.998 9.638 9.438 8.223 8.893 8.850 8.328 
10.606 10.092 9.644 9.473 8.267 8.916 8.880 8.357 
10.615 10.134 9.724 9.531 8.278 8.928 8.996 8.660 
10.625 10.153 9.902 9.533 8.548 9.022 9.604 
10.636 10.167 9.912 9.549 8.595 9.087 
10.748 10.203 9.719 9.283 
10.402 9.767 
E-1 
APPENDIXE 
COPPER SULFATE 
SURVIVAL AND DEFORMITY DATA AT 96 HOURS 
E-2 
Copper sulfate test 1. Number of surviving tadpoles at 96 
hours in each replicate of each concentration. N=40 in each 
concentration. 
Copper Replicate 
(µg/L) A B C D Total 
Control 9 10 9 10 38 
37.5 9 10 9 10 38 
75 10 9 10 9 38 
150 9 10 10 10 39 
300 8 9 7 9 33 
600 1 7 3 4 15 
1200 0 0 0 0 0 
E-3 
Copper sulfate test 2. Number of surviving 
tadpoles at 96 hours in each replicate of each 
concentration. N=30 in each concentration. 
Copper Replicate 
(µg/L) A B C Total 
Control 9 9 9 27 
156 8 9 8 25 
313 9 9 9 27 
625 8 9 8 25 
1250 7 6 8 21 
2500 6 6 7 19 
5000 3 4 2 9 
10000 0 0 0 0 
E-4 
Copper sulfate test 3. Number of surviving 
tadpoles at 96 hours in each replicate of each 
concentration. N=30 in each concentration. 
Copper Replicate 
(µg/L) A B C Total 
Control 10 10 8 28 
78.1 10 10 9 29 
156 10 10 10 30 
313 10 9 9 28 
625 3 4 7 14 
1250 1 3 1 5 
2500 0 0 1 1 
5000 0 0 0 0 
E-5 
Copper sulfate test 1. Number of surviving tadpoles that 
were deformed at 96 hours in each replicate of each 
concentration. N=40 in each concentration. 
Copper Replicate 
(µg/L) A B C D Total 
Control 0 0 1 0 1 
37.5 0 3 1 0 4 
75 1 0 2 0 3 
150 2 2 2 2 8 
300 5 4 1 7 17 
600 1 7 3 4 15 
1200 
* * * * * 
* indicates that there were no survivors 
E-6 
Copper sulfate test 2. Number of surviving 
tadpoles that were deformed at 96 hours in each 
replicate of each concentration. N=30 in each 
concentration. 
Copper Replicate 
(µg/L) A B C Total 
Control 0 0 1 1 
156 2 1 1 4 
313 4 5 4 13 
625 5 5 6 16 
1250 6 6 8 20 
2500 6 6 7 19 
5000 3 4 2 9 
10000 
* * * * 
* indicates that there were no survivors 
E-7 
Copper sulfate test 3. Number of surviving 
tadpoles that were deformed at 96 hours in each 
replicate of each concentration. N=30 in each 
concentration. 
Copper Replicate 
(µg/L) A B C Total 
Control 0 0 0 0 
78.1 2 2 4 8 
156 5 5 3 13 
313 10 9 9 28 
625 3 4 7 14 
1250 1 3 1 5 
2500 * * 1 1 
5000 * * * * 
* indicates that there were no survivors 
APPENDIXF 
COPPER SULFATE 
SURVIVAL AND DEFORMITY DATA AT 
24, 48, 72, AND 96 HOURS 
F-1 
F-2 
Copper sulfute test 1. Number of surviving tadpoles in 
each concentration every 24 hours. N=40 in each 
concentration. 
Copper 
24hrs 48 hrs 72 hrs 96 hrs (µg/L) 
Control 39 39 38 38 
37.5 39 38 38 38 
75 39 39 38 38 
150 39 39 39 39 
300 40 37 36 33 
600 37 18 16 15 
1200 30 7 3 0 
F-3 
Copper sulfute test 2. Number of surviving tadpoles in 
each concentration every 24 hours. N=30 in each 
concentration. 
Copper 
24 hrs 48 hrs 72hrs 96 hrs (µg/L) 
Control 27 27 27 27 
156 27 25 25 25 
313 27 27 27 27 
625 27 26 25 25 
1250 24 24 21 21 
2500 24 22 19 19 
5000 27 17 12 9 
10000 13 4 2 0 
F-4 
Copper sulfute test 3. Number of surviving tadpoles in 
each concentration every 24 hours. N=30 in each 
concentration. 
Copper 
24hrs 48 hrs 72 hrs 96 hrs (µg/L) 
Control 28 28 28 28 
78.1 30 29 29 29 
156 30 30 30 30 
313 29 28 28 28 
625 28 17 14 14 
1250 11 6 5 5 
2500 2 1 1 1 
5000 0 0 0 0 
F-5 
Copper sulfate test 1. Number of surviving tadpoles that 
were deformed in each concentration every 24 hours. 
N=40 in each concentration. 
Copper 
24hrs .48 hrs 72hrs 96 hrs (µg/L) 
Control 0 1 0 1 
37.5 4 4 2 4 
75 3 6 3 3 
150 6 11 15 8 
300 7 17 20 17 
600 15 13 15 15 
1200 30 7 3 * 
* indicates that there were no survivors 
F-6 
Copper sulfate test 2. Number of surviving tadpoles that 
were deformed in each concentration every 24 hours. 
N=30 in each concentration. 
Copper 24hrs 48 hrs 72hrs 96 hrs (µg/L) 
Control 0 0 1 1 
78.1 1 2 4 4 
156 0 4 12 13 
313 1 9 19 16 
625 12 18 19 20 
1250 15 22 19 19 
2500 23 17 12 9 
5000 13 4 2 
* 
* indicates that there were no survivors 
F-7 
Copper sulfate test 3. Number of surviving tadpoles that 
were deformed in each concentration every 24 hours. 
N=30 in each concentration. 
Copper 24hrs 48 hrs 72 hrs 96 hrs (µg/L) 
Control 1 0 0 0 
78.1 2 4 5 8 
156 4 5 11 13 
313 8 14 26 28 
625 7 17 14 14 
1250 11 6 5 5 
2500 2 1 1 1 
5000 
* * * * 
* indicates that there were no survivors 
APPENDIXG 
COPPER SULFATE 
SELECTED DEFORMITIES AT 96 HOURS 
G-1 
G-2 
Copper sulfute test 1. Number of tadpoles in each concentration with selected 
defomtlties at 96 hours. N=40 in each concentration. 
Copper Cardiac Abdominal 
Fin Mouth Gut Not 
Tail 
(µg/L) Edema Edema Coiled Flexure 
Control 0 0 0 0 0 1 
37.5 0 0 0 1 4 0 
75 2 1 0 2 2 1 
150 1 2 2 4 4 1 
300 5 6 9 13 15 0 
600 0 3 15 14 13 0 
G-3 
Copper sulfate test 2. Number of tadpoles in each concentration with selected 
defonnities at 96 hours. N=30 in each concentration. 
Copper Cardiac Abdominal Fin Mouth Gut Not Tail (µg/1) Edema Edema Coiled Flexure 
Control 0 0 0 0 1 0 
156 0 0 0 0 4 1 
313 1 1 0 1 13 12 
625 0 0 IO 6 12 9 
1250 4 1 11 7 18 12 
2500 5 3 IO 9 19 16 
5000 4 7 5 9 9 9 
G-4 
Copper sulfate test 3. Number of tadpoles in each concentration with selected 
deformities at 96 hours. N=30 in each concentration. 
Copper Cardiac Abdominal 
Fin Mouth Gut Not Tail (µg/L) Edema Edema Coiled Flexure 
Control 0 0 0 0 0 0 
78.1 3 0 0 0 8 2 
156 4 4 0 2 10 2 
313 5 6 17 21 22 6 
625 4 4 12 11 13 5 
1250 3 3 5 4 5 5 
2500 1 1 1 1 1 1 
APPENDIXH 
COPPER SULFATE 
LENGIB DATA AT 96 HOURS 
H-1 
H-2 
Copper sulfate test I. Tadpole head-to-tail lengths in each test concentration. N=40 
in each concentration. 
Control 37.5 µg/L 75 µg/L 150 µg/L 300 µg/L 600 µg/L 
8.728 8.471 8.127 6.915 5.319 4.570 
9.443 8.614 8.402 8.084 5.559 4.740 
9.617 9.511 9.007 8.237 5.820 4.905 
9.800 9.558 9.033 8.253 6.261 6.088 
9.815 9.663 9.297 8.362 6.784 6.327 
10.009 9.666 9.426 8.464 6.942 6.502 
10.073 9.777 9.518 8.602 7.167 6.568 
10.290 9.848 9.708 8.625 7.591 7.157 
10.303 9.851 9.779 8.702 7.682 7.218 
10.398 9.854 9.795 8.751 7.697 7.480 
10.412 9.943 9.861 8.774 7.713 7.538 
10.420 10.039 9.904 8.805 7.852 7.579 
10.458 10.070 9.959 8.942 7.863 7.773 
10.512 10.195 10.021 8.943 7.882 8.962 
10.514 10.225 10.056 9.004 7.897 
10.726 10.374 10.065 9.152 7.940 
10.732 10.393 10.081 9.170 8.150 
10.779 10.444 10.149 9.217 8.208 
10.854 10.471 10.155 9.218 8.287 
10.888 10.519 10.160 9.299 8.402 
10.983 10.546 10.197 9.341 8.437 
11.028 10.591 10.217 9.363 8.519 
11.031 10.633 10.228 9.368 8.582 
11.109 10.633 10.251 9.448 8.620 
11.112 10.698 10.262 9.460 8.687 
11.131 10.754 10.279 9.475 8.725 
11.131 10.769 10.292 9.483 8.871 
11.157 10.804 10.311 9.484 8.988 
11.175 10.865 10.324 9.496 9.003 
11.211 10.876 10.338 9.512 9.062 
11.333 10.990 10.482 9.545 9.100 
11.362 11.012 10.563 9.550 9.296 
11.370 11.072 10.587 9.716 
11.438 11.199 10.606 9.733 
11.767 11.240 10.624 9.830 
11.786 11.343 10.774 9.842 
12.105 11.345 11.122 10.077 
12.161 11.413 11.140 10.103 
10.123 
H-3 
Copper sulfate test 2. Tadpole head-to-tail lengths in each test concentration. N=30 in 
each concentration. 
Control 156 µg/L 313 µg/L 625 µg/L 1250 µg/L 2500 µg/L 5000 µg/L 
7.431 6.248 6.370 4.340 3.959 2.723 2.758 
7.434 7.314 6.501 5.089 4.163 2.906 2.991 
7.907 7.381 6.823 5.296 4.496 3.237 3.155 
7.984 7.417 6.877 5.305 4.598 3.704 3.762 
8.130 7.589 6.978 5.384 4.626 3.914 4.117 
8.149 7.770 7.056 5.659 4.755 4.189 4.121 
8.181 7.815 7.074 5.681 4.919 4.284 4.135 
8.207 7.820 7.269 5.716 5.144 4.698 4.156 
8.284 7.882 7.351 5.729 5.150 4.750 
8.353 7.885 7.472 6.086 5.177 4.821 
8.385 7.916 7.496 6.236 5.523 4.870 
8.423 7.921 7.523 6.393 5.593 4.907 
8.457 7.976 7.527 6.400 5.747 5.141 
8.482 7.993 7.537 6.411 5.943 5.221 
8.519 8.077 7.583 6.662 6.089 5.226 
8.523 8.092 7.655 6.766 6.114 5.707 
8.541 8.138 7.680 6.795 6.178 
8.629 8.155 7.689 7.126 6.469 
8.651 8.202 7.694 7.169 6.490 
8.669 8.337 7.722 7.303 6.683 
8.787 8.414 7.758 7.443 
8.794 8.465 7.877 7.501 
8.901 8.529 7.905 7.548 
8.996 8.784 7.970 
9.047 8.007 
9.119 8.078 
9.398 
H-4 
Copper sulfute test 3. Tadpole head-to-tail lengths in each test concentration. N=30 in 
each concentration. 
Control 78.1 µg/L 156 µg/L 313 µg/L 625 µg/L 1250 µg/L 2500 µg/L 
9.427 7.860 5.330 4.747 4.519 3.710 4.200 
9.649 8.557 7.326 4.879 4.935 4.064 
9.656 8.704 7.512 5.378 5.599 4.170 
9.723 9.005 8.495 5.731 5.871 5.298 
9.771 9.209 8.573 5.782 5.873 5.582 
9.798 9.254 8.667 6.188 5.984 
9.868 9.487 8.680 6.454 6.456 
9.890 9.680 8.693 6.464 6.727 
9.955 9.770 8.718 6.817 6.825 
9.958 9.809 8.851 7.314 6.876 
9.963 9.878 9.088 7.370 6.930 
10.002 9.884 9.097 7.502 7.314 
10.027 9.897 9.249 7.648 1.596 
10.129 9.937 9.371 7.678 
10.190 9.952 9.438 7.743 
10.236 9.967 9.447 7.774 
10.291 9.970 9.542 7.810 
10.321 10.034 9.546 7.832 
10.348 10.058 9.547 7.901 
10.383 10.090 9.557 7.905 
10.394 10.165 9.574 7.956 
10.545 10.176 9.626 7.965 
10.605 10.274 9.721 8.107 
10.711 10.279 9.725 8.185 
10.763 10.352 9.763 8.187 
10.801 10.386 9.781 8.395 
10.870 10.419 9.799 
10.922 10.468 9.816 
10.487 10.014 
